AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor trafficking is a fundamental mechanism for regulating synaptic strength, and hence may underlie cellular processes involved in learning and memory. PICK1 (protein that interacts with protein C-kinase) has recently emerged as a key regulator of AMPAR (AMPA receptor) traffic, and the precise molecular mechanisms of PICK1's action are just beginning to be unravelled. In this review, I summarize recent findings that describe some important molecular characteristics of PICK1 with respect to AMPAR cell biology.
attracted very little attention until yeast two-hybrid screens identified it as a binding partner for the C-terminal tail of AMPAR GluR2 subunit [12] . Soon afterwards, it was shown that GluR2-PICK1 interactions are required for NMDA-induced AMPAR internalization during LTD in the hippocampus [13, 14] and also for cerebellar LTD [15] . As well as playing a critical role in the regulated removal of AMPARs from the synaptic plasma membrane, it is likely that PICK1 is also involved in the constitutive cycling of AMPARs that occurs under basal conditions [13] .
A crucial question, and the focus of this paper, is how does PICK1 stimulate AMPAR trafficking? More specifically, how does PICK1 respond to calcium signals to trigger receptor endocytosis? Which additional molecules does PICK1 interact with and which cell biological processes does PICK1 regulate to bring about the necessary membrane changes for vesicle trafficking events to occur?
PICK1-GluR2 interaction
The PDZ domain ligand at the extreme C-terminus of GluR2 (-SVKI) can bind to PICK1, but also to GRIP1 (glutamate receptor-interacting protein 1) and ABP (AMPAR-binding protein)/GRIP2 (hereafter referred to collectively as ABP/ GRIP). It is thought that ABP/GRIP anchors AMPARs, both at the synaptic plasma membrane and at intracellular locations [16, 17] . Therefore, in order for AMPAR trafficking to proceed, the anchor (ABP/GRIP) must be replaced by the mobility factor (PICK1) at the GluR2 C-terminus. An interesting difference between PICK1 and ABP/GRIP is that phosphorylation of Ser 880 in the GluR2 PDZ ligand inhibits ABP/ GRIP binding, but allows PICK1 to interact [18, 19] . In the cerebellum, activation of PKCα is a critical step for LTD [20, 21] , and leads to phosphorylation of Ser 880 to trigger the change in PDZ binding partner at the GluR2 C-terminus [22, 23] . Ser 880 phosphorylation is also important in hippocampal LTD; however, it is unclear which kinase phosphorylates this residue in hippocampal neurons [13] .
An extra level of complexity to this process has recently been suggested in a study by Lu and Ziff [24] , who demonstrate that PICK1 can bind directly to ABP/GRIP. In this report [24] , they propose a model whereby a PICK1-PKC complex is targeted to anchored synaptic AMPARs by interacting initially with ABP/GRIP. This brings PICK1 close to the GluR2 PDZ ligand, and PKC close to Ser 880 to facilitate phosphorylation, leading to unbinding of ABP/GRIP and replacement by PICK1 [24] . It is unclear in this model which event is the main driving force for unbinding of ABP/GRIP: competition between PICK1 and ABP/GRIP for PDZ domain binding to GluR2, or PKC phosphorylation of Ser 880 . Regulation of the GluR2-PICK1 interaction is crucial for effective control of synaptic AMPAR number. As well as Ser 880 phosphorylation, which favours PICK1 binding over ABP/GRIP and Ca 2+ ions (see below), the GluR2-PICK1 complex is regulated by the ATPase activity of NSF (Nethylmaleimide-sensitive fusion) in conjunction with SNAPs (soluble NSF protein attachment proteins) [25] . The BAR (Bin/amphiphysin/Rvs) domain of PICK1, which comprises an α-helical bundle [26] , bears some resemblance to a SNARE (SNAP receptor) complex [27] . SNAPs bind the PICK1 BAR domain and to NSF, and NSF also binds GluR2, so the mechanical force generated upon ATP hydrolysis can be transferred from NSF via SNAPs to force PICK1 away from GluR2 in a similar manner to SNARE complex disassembly [25, 27] . It is not known whether PICK1 dimers also dissociate into monomers during this process.
PICK1 as a calcium sensor
It is well established that increases in spine cytoplasmic [Ca 2+ ] are required for NMDA-induced AMPAR trafficking in LTD and LTP. A number of Ca 2+ -dependent enzymes are implicated in these processes, especially kinases and phosphatases that regulate the phosphorylation state of AMPAR subunits to influence their single-channel characteristics and interactions with trafficking proteins [9] . In the search for a mechanism that could provide a more direct AMPAR trafficking response to Ca 2+ influx, we noticed that PICK1 contains sequences of acidic amino acids, similar to Ca 2+ -binding sites in other proteins. We demonstrated that the PICK1-GluR2 interaction in neurons is Ca 2+ -sensitive, with weak binding at zero [Ca 2+ ] and stronger binding in the presence of Ca 2+ , reaching a maximum at approx. 15 µM [28] . This would allow PICK1 to respond to a local, low-micromolar increase in Ca 2+ , bind more strongly to GluR2 and initiate AMPAR internalization. Interestingly, the [Ca 2+ ]-dependence is biphasic, such that at higher [Ca 2+ ], GluR2 binds PICK1 at a similar low level as under basal conditions. This would suggest that in the presence of a very large Ca 2+ signal, PICK1 would not bind strongly to GluR2 and therefore would not trigger AMPAR internalization.
We showed that PICK1 binds Ca 2+ ions directly, with a K d of approx. 10 µM, which is consistent with the level of Ca 2+ required for optimal GluR2 binding. Deletion of a stretch of acidic amino acids (DLDYDIEED) at the N-terminus of PICK1 led to a mutant that has a lower capacity and affinity for Ca 2+ binding and also interacts with GluR2 in a Ca 2+ -insensitive manner. Overexpression of this mutant in hippocampal neurons led to an occlusion of NMDA-induced AMPAR internalization from the plasma membrane, demonstrating that PICK1 plays a crucial role not only in AMPAR endocytosis in general, but specifically as a Ca 2+ sensor to transduce NMDAR-mediated Ca 2+ influx directly into receptor trafficking [28] .
A recent investigation into the effect of NMDAR-mediated Ca 2+ signals on the subcellular localization of PICK1 in hippocampal neurons revealed that a modest Ca 2+ signal results in enhanced clustering of PICK1 in dendritic early endosomes [29] . This NMDA-induced PICK1 translocation occurs even when endocytosis is inhibited, suggesting that PICK1 can associate with pre-existing endosomes. may be that PICK1 has the intrinsic capability to respond differentially to small or large Ca 2+ signals, perhaps by utilizing more than one Ca 2+ -binding site [28] . This raises the intriguing possibility that PICK1 could play a role in distinguishing between the Ca 2+ signals involved in LTD and those in LTP. Indeed, Sossa et al. [29] demonstrate that NMDA treatment in conjunction with low [Mg 2+ ] results in a PICK1-dependent increase in surface AMPARs.
PICK1 as a sensor of membrane curvature
Given that it is involved in receptor trafficking, an important question is how is PICK1 targeted to trafficking vesicles? Is it by interacting with cargo (e.g. AMPARs), endocytic machinery or independent of protein interactions? PICK1 contains a BAR domain, a large crescent-shaped structure that forms when the protein dimerizes [26] . The recent identification of BAR domains as sensors of membrane curvature [26] suggested that PICK1 could be specifically targeted to vesicle or invaginating membranes. It has been shown that certain BAR domains bind preferentially to liposomes of specific size [26] , indicating that the shape of the BAR domain in a particular protein is likely to determine the type of vesicle or membrane invagination with which the protein will associate. It is unknown what size of vesicle PICK1 prefers; however, it has been demonstrated that the lipid composition is critical in regulating the interaction of PICK1 with membranes [30] . This is likely to influence the type of vesicle that PICK1 binds to and thus traffics. PICK1 binds preferentially to mono-phosphoinositides, PtdIns3P, PtdIns4P and PtdIns5P, which are found predominantly on early endosomes and vesicles budding from the trans-Golgi network [30, 31] . This is consistent with the role of PICK1 in endocytosis and also with a less-characterized role in forward traffic through the secretory pathway [32] . However, it is interesting to note that PICK1 does not associate with PtdIns(4,5)P 2 , which is enriched in clathrin-coated pits. Specific positively charged lysine residues in the concave face of the BAR domain have been identified as mediating binding to negatively charged headgroups of phosphoinositides [24, 30, 33] ; mutating these lysine residues to negatively charged glutamate residues blocked binding to liposomes and also disrupted normal PICK1 subcellular localization in hippocampal neurons [30] . The importance of PICK1-lipid association to AMPAR trafficking was demonstrated by expressing the Lys → Glu mutants in hippocampal neurons and also in cerebellar Purkinje neurons, which resulted in disrupted AMPAR trafficking and attenuation of LTD [30, 33] .
Certain BAR domain proteins not only sense membrane curvature, but also stabilize curved membranes and play a more active role in the architecture of membrane structures [34] . It would be of great interest to investigate whether PICK1 merely senses pre-existing curved membranes, such as endosomes, or has the capacity to promote membrane invagination or tubulation at the plasma membrane.
Another feature of some BAR domain proteins is an ability to influence the actin cytoskeleton, often as part of a vesicle formation or trafficking mechanism. This usually occurs indirectly via interactions with proteins such as N-WASP (neuronal Wiskott-Aldrich syndrome protein) and Cdc42 (cell division cycle 42), which are crucial regulators of the actin cytoskeleton [35, 36] . Actin dynamics are known to be involved in endocytosis in general [37, 38] , and actin depolymerization is involved in AMPAR internalization and LTD [39] [40] [41] , so it is an intriguing possibility that PICK1 could couple actin regulation with vesicle trafficking.
PICK1 as an allosteric protein
The activity of many multidomain signalling proteins may be repressed under basal conditions and can be activated by specific binding of effector ligands [42] . It has been demonstrated that PICK1 can exist in a 'closed' conformation with the PDZ domain folded in on the BAR domain. This intramolecular interaction is disrupted when the PDZ domain is occupied with a ligand, such as GluR2 C-terminal tail, or the PDZ domain is deleted, resulting in an 'open' conformation ( Figure 1 ) [24] . For example, when PICK1 is forced into the open conformation by binding a PDZ ligand, ABP/GRIP interacts with the BAR domain. In the absence of a PDZ ligand, the closed conformation of PICK1 inhibits ABP/GRIP binding [24] . This allostery provides an additional level of regulation for protein-protein interactions, and may function to activate certain properties of PICK1 only when it is bound to a relevant cargo protein such as the AMPAR subunit GluR2. When PICK1 is not bound to AMPARs, these properties will be 'switched off'. However, not all BAR domain interactions are regulated in this way. PICK1-βSNAP binding is unaffected by GluR2 binding or deletion of the PDZ domain [25] , and PICK1-liposome interactions are not enhanced by PDZ domain deletion [30] .
Concluding remarks
With an ability to sense both Ca 2+ and curved membranes, PICK1 is clearly well-equipped to mediate Ca 2+ -dependent vesicle trafficking events. A representation of the role of PICK1 in AMPAR internalization and LTD is depicted in Figure 2 . It remains to be seen whether PICK1 plays a role in other stages of vesicle trafficking, such as vesicle fission and propulsion through the cytoplasmic cytoskeletal environment. As yet, only two non-PDZ protein interactions with PICK1 have been identified (ABP/GRIP and βSNAP [24, 25] ). It is likely that PICK1 binds additional proteins to control aspects of cell biology crucial for regulating receptor trafficking.
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